Certain parts of the peripheral nervous system were observed by a modification of the KOH-collagenase method by MILLER et al. (1982).
glion, lingual muscle and jejunum of the rat were fixed over one day at room temperature in a fixative containing paraformaldehyde and glutaraldehyde. After fixation, specimens were treated with 5N KOH solution for 5-10 min at 60°C, immersed in a collagenase solution for 3-5 h at 37°C and processed for scanning electron microscopy (SEM). In adequately treated specimens, connective tissue matrices and basal laminae were completely removed without causing any severe tissue damage. The three-dimensional visualization of cellular elements of peripheral nerves was enabled with the following results:
1) Individual nerve fibers of the sciatic nerve were clearly exposed. Myelinated fibers were non-branching cords with local annular constrictions at the node of Ranvier, while unmyelinated ones branched and anastomosed with one another to form loose networks.
The sites of accumulation of the Schwann cell cytoplasm swelled on the surface of the myelinated fibers. Mesaxons were visualized as longitudinal furrows. 2) Ganglion cells covered by satellite cells were observed in the dorsal root ganglion.
The ganglion cells were covered by their own convoluted dendro-axonal processes, thus forming the initial glomeruli of Cajal. Satellite cells at the glomeruli extended many fingerlike projections surrounding the dendro-axonal processes.
3) Motor endplates were observed in lingual muscles. Terminal Schwann cells (teloglia) at the endplate were clearly visualized: the round perikaryon extended cytoplasmic processes along the axonal branches within the endplate.
The processes issued fine finger-like projections from their margins. 4) Vascular autonomic plexuses were clearly demonstrated in lingual muscles. Unmyelinated nerves branched and anastomosed to form elaborate nerve networks around the vessels. Neuronal processes and associated Schwann cells were identifiable at high magnification.
5) Submucous nerve plexuses in the jejunum consisted of numbers of ganglia and interconnecting strands of fibers which formed very complicated networks.
These observations indicate that this modified KOHdigestion method is useful for the SEM study of the three-dimensional cellular organization of nervous elements in various tissues.
The three-dimensional organization of stromal cells had been difficult to observe by scanning electron microscopy (SEM) since they are covered by extracellular matrices of the connective tissue, until EvAN et al. (1976) introduced the HCl-collagenase method to remove the extracellular matrices from the tissue. Since then, many investigators have applied this digestion method or its modifications to SEM observations of various organs (MURAKAMI et al., 1979; SHIMADA et al., 1981 SHIMADA et al., , 1983 EJIRI and OzAWA, 1982; TAKAHASHI, 1984) . UEHARA and his colleagues modified EVAN'S method for the observation of the peripheral nerves, and succeeded in a beautiful demonstration of the three-dimensional structure of the vascular autonomic plexus (UEHARA et al., 1981; FUJIWARA and UEHARA, 1984) , the motor endplate (DESAKI and UEHARA, 1981; UEHARA et al., 1981) , the dorsal root ganglion (MATSUDA and UE-HARA, 1981, 1984) , and the myenteric nerve plexus (FUJIWARA and UEHARA, 1980) . Other investigators also utilized these original and modified HCl-treatment methods for studies of the motor endplate (OGATA and YAMASAKI, 1984, 1985) , the enteric nervous system (SCHEUERMANN et al., 1984 (SCHEUERMANN et al., , 1986 (SCHEUERMANN et al., , 1987a (SCHEUERMANN et al., , 1987b , the autonomic ganglion (BALUK, 1986; BALUK and GABELLA, 1987) , and the autonomic nerve (ENDO and KOBAYASHi, 1987; UsHIKI and IDE, 1988 Recently, we have applied a different digestion method, KOH-collagenase method, to the SEM observation of the peripheral nervous system, noticing that this method is able to consistently remove the extracellular matrices without any severe damage to cellular elements in aldehyde-fixed tissues. This KOH-collagenase treatment method was originally introduced by MILLER et al. (1982) for observations of microvessels by SEM. Modifying this method enabled a demonstration of the fine surface structure of the myelinated nerve fibers (USHIKI and IDE, 1987) .
The present study enumerates the procedures of our modification of MILLER'S method; it then presents some results attesting to its validity for the observation of peripheral nerves, and finally recounts the advantages of the method.
MATERIALS AND METHODS

Fixation
Adult mice (ddY strain) and rats (wistar strain) were used in the present study. The animals were anesthetized by intraperitoneal injection of Nembutal (sodium pentobarbital, 50 mg/kg body weight) and fixed by perfusion via the left ventricle with physiological saline and then a fixative containing 2% paraformaldehyde and 2.5% glutaraldehyde in O.1 M cacodylate buffer (pH 7.4). The sciatic nerve (mouse), dorsal root ganglion, jejunum and tongue (rat) were removed and immersed in the same fixative over one day at room temperature. Preparation of tissues Prior to chemical digestion, sciatic nerves were prepared under a dissecting microscope by partially removing the epineurium and perineurium with forceps. The dorsal root ganglia were deprived of their connective tissue capsules by mechanical peeling.
The specimens of jejunum and tongue were simply cut into small blocks (ca. 3 x 3 x 2 mm) with a razor blade. Digestion of connective tissue After rinsing several times in O.1M phosphate buffer (pH 7.4), the fixed tissues were placed in 5N KOH for 5-10 min at 60°C. They were then washed several times in precooled O.1M phosphate buffer (pH 6.8) and immersed in collagenase solution (Sigma, type II) at a concentration of about 10 mg in 10 ml of 0.1 M phosphate buffer (pH 6.8) for 3-5 h at 3TC. Preparation for SEM After several rinsings in distilled water (for at least 30 min), some samples were postfixed in 1-2% 0504 solution for 2-3 h at room temperature, while others were conductive-stained by MURAKAMI's tannin osmium method (1974) . This method entails treating the specimens with 2% tannic acid solution for 2-3 h, washing in distilled water for 1 h, and immersion in 2% 0504 solution for several hours at room temperature.
The tissues were then rinsed in distilled water, dehydrated through a graded series of ethanol, and transferred to isoamyl acetate. They were then critical point-dried using liquid C02, mounted on aluminum stubs with an adhesive tape, coated with platinum in an ion coater, and observed in a Hitachi HSM-2B scanning electron microscope at an accelerating voltage of 10 or 15 kV.
RESULTS
In tissues which were adequately treated by the present KOH collagenase method, the surfaces of the cellular constituents were clearly exposed by a complete removal of the surrounding connective tissue matrices. There was, in fact, no serious damage to the cellular surface of such digested tissues.
The fixation time was not critical, but we recognized that a longer fixation time tended to give consistently good results. Tissues stored in a fixative for more than one month also gave excellent results.
The treatment of the tissue with the KOH solution was critical for removing the connective tissue elements. The optimal period of the KOH treatment was about 5-10 min, depending on the kind of tissue. A short treatment time resulted in an incomplete removal of extracellular matrices, while prolonged treatment frequently caused various artifacts such as fine fissures, pits, and bleb-like protrusions to the cell membrane.
In some cases, the KOH digestion alone almost completely removed the connective tissue elements from the tissue. Subsequent treatment with collagenase, however, seemed to be effective for cleaning the cell surfaces by digesting connective tissue residues attached there.
Nerve fibers
Endoneurial collagen fibers and Schwann cell basal laminae were completely removed, and individual nerve fibers were clearly visible by SEM (Fig. la-c) . The myelinated nerve fibers were identified as nonbranching cords with local annular constrictions at the nodes of Ranvier (Fig. 1a) . As depicted in Figure  lc , there were ridge-like structures on the surface of the myelinated fibers, corresponding to the sites of accumulation of Schwann cell cytoplasm. Details of this structure have already been documented in our previous paper (USHIKI and IDE, 1987) . Unmyelinated fibers, unlike myelinated ones, often furcated and anastomosed with one another during their progress, forming loose networks (Fig. lb) . This anastomosing feature of unmyelinated fibers as seen by SEM was in agreement with light microscopic (NAGEOTTE, 1932) and serial-section electron microscopic findings (AGUAYO et al., 1976) . Furthermore, longitudinal furrows corresponding to mesaxons were clearly discernible on these unmyelinated fibers (Fig. 1c) .
Dorsal root ganglion
The dorsal root ganglion treated adequately by the present method revealed ganglion cells attached with satellite cells (Fig. 2a, b) . These ganglion cell-satellite cell complexes were oval or polyhedral in shape and varied from 10 to 50 pm in diameter (Fig. 2a) . As shown in Figure 2b , the initial segment of the dendroaxonal process often convoluted on its parent ganglion cell forming the initial glomerulus of Cajal.
These findings were in good agreement with the observations by MATSUDA and UEHARA (1981) on dorsal root ganglion cells in the rat after trypsin digestion and HCI hydrolysis. The modified KOHcollagenase method of the present study further permitted the clear visualization of the characteristic features of satellite cells surrounding dendro-axonal processes (Fig. 2b) : they possessed many finger-or sheet-like projections which seemingly interdigitated with each other while surrounding dendro-axonal processes. The fine structural details of such satellite cells will be described in a separate paper.
Motor endplates
Motor endplates were identified on the surface of lingual muscle fibers (Fig. 3) . While nerve terminals at some endplates were detached from muscle fibers, those at many others remained attached to the surface of the muscle fibers. In the latter case, terminal Schwann cells, i.e., teloglia residing on the axon terminals, could be clearly visualized by SEM (Fig.  3a, b) . Such endplate-associated Schwann cells exhibited a peculiar octopus shape, in that they were spherical at the perikaryon, and extended several cytoplasmic processes along the fine branches of the axon terminal, covering the orifices of the synaptic grooves (OGATA and YAMASAKI, 1984, 1985) . Some portions of these Schwann cell processes were piled up on each other. The margin of these cell processes further issued fine finger-like projections emanating onto the muscle fiber surface.
Vascular autonomic plexuses
Vascular autonomic nerve plexuses were clearly demonstrated in the KOH-collagenase-treated lingual muscle. They were usually found around arterioles (Fig. 4) . Unmyelinated nerves closely attached themselves onto smooth muscle cells of the arteriole, where they frequently branched and anastomosed with each other to form elaborate nerve networks. At higher magnifications Schwann cells and axons were clearly discernible on these unmyelinated fibers. Schwann cells with fusiform or triangular cell bodies extended long cytoplasmic processes in association with axons (USHIKI and IDE, 1987) . By the present KOH-collagenase treatment, the submucous and mucous layers were easily separated from the muscular coats in the rat jejunum. When such submucous layers were observed by SEM, fibroblasts were found extending slender, interconnected processes which formed sponge-like meshworks. In these meshworks, the submucous nerve plexus, i.e., Meissner's plexus was easily identifiable (Fig. 5a, b) . This submucous nerve plexus consisted of numbers of ganglia which were interconnected by nerve fiber strands in two-dimensional networks already reported in light-microscopic (GABELLA, 1979; KOBAYASHI et al., 1986) and SEM studies (SCHEUERMANN et al., 1984 (SCHEUERMANN et al., , 1987a . The ganglia of the plexus were variable in size as well as shape, and were covered by sheaths of "glial" (satellite) cells, giving them a smooth surface appearance. At higher magnifications, irregularly arranged furrows were found on the surface of the ganglia, probably representing the borders of the cytoplasmic processes of the glial cells which interdigitated with one another in a complicated fashion. Nerve fiber strands connecting the ganglia varied from 1 to 10 um in thickness and were oriented in every direction. Axons and associated glial (Sch- (N), from which two or three cytoplasmic processes extend to cover the orifice of the synaptic grooves. These Schwann cell processes attach themselves onto branches of the axon terminal. There are many fine finger-like projections on the surface of these terminal Schwann cell processes. A protuberance (P) of the sarcolemma is seen. x 6, 500 wann) cells were distinguishable from each other in these nerve strands at higher magnifications.
DISCUSSION
The present study by SEM demonstrates various parts of the peripheral nerves as observed by a modified KOH-collagenase method. The original KOH-Collagenase digestion method was introduced by MILLER et al. (1982) to observe smooth muscle cells of microvessels by SEM. Major points of our modification are as follows:
1) The original procedure specified that the optimal fixation time should be less than 2 h to remove the extracellular matrices. However, as shown in the present study, a much longer fixation time (usually over one day or even more than one month) consistently gives good results for the nervous tissues.
2) The KOH treatment time should be longer than that of MILLER'S method. This may be due to the difference in the fixation time between his method and ours.
3) In the original method, tissues are incubated in two different concentrations of collagenase for a long time (10-18h). In our method, the tissue is treated in only one concentration of collagenase (10mg/10ml) for a very short time (3-5h). Furthermore, we think that the collagenase treatment can be omitted for tissues in which connective tissues are sparse.
In order to visualize three-dimensional structures of peripheral nerves by SEM, the HCl method for removing connective tissues and several of its modifications have been previously reported. The three main types are: 1) HCl-collagenase treatment of aldehydefixed tissues (EvAN et al., 1976) , 2) Simple HCl digestion of aldehyde-fixed tissues (DESAKI and UEHARA, 1981) , and 3) enzymatic digestion of fresh tissues followed by aldehyde fixation and subsequent HCl treatment (FUJIWARA and UEHARA, 1980, 1984) .
It has been recognized that the HCl-collagenase (or simple HCl-digestion) method is useful for clear observations of neuromuscular junctions by SEM (DESAKI and UEHARA, 1981; OGATA and YAMASAKI, 1984, 1985) and vascular autonomic nerve plexuses (UEHARA et al., 1981; USHIKI and IDE, 1987) . However, this HCl-collagenase method cannot be applied to other kinds of nervous tissue such as enteric nerve plexuses and sensory ganglia, as it usually causes severe damage to the cell surfaces of these tissues. Enzymatic digestion (using collagenase, hyaluronidase or trypsin) prior to fixation was attempted in order to obtain better results (FUJIWARA and UEHARA, 1980, 1984; SCHEUERMANN et al., 1984 SCHEUERMANN et al., , 1986 SCHEUERMANN et al., , 1987a . However, not only is this modification very difficult to use, it also tends to give rise to such damage as distortion and wrinkles on the cells.
In contrast, the modified KOH-collagenase method used in the present study is simple and easy in technique, and can consistently and completely remove the connective tissue matrices and basal laminae without causing any noticeable damage to the cell surface.
As shown in the present study, the tissue fixation step prior to the KOH-collagenase treatment is the same as that employed for routine transmission electron microscopy (TEM). We can use part of the fixed tissue for conventional TEM observations and compare the TEM and SEM findings for the same tissue.
In conclusion, our modified KOH-collagenase method seems to have advantages over the previously employed methods for the elimination of connective tissue elements in SEM specimens. Although the present paper concentrates on the results for peripheral nerves in different tissues, this method is expected to be also applicable to SEM studies of a wide variety of tissues and cells. 
